Background-BMI z-scores (BMIz) based on the Centers for Disease Control and Prevention
Introduction
The 2000 Centers for Disease Control and Prevention (CDC) growth charts (Kuczmarski et al., 2002) are widely used to classify obesity (BMI ≥95th percentile for a child's sex and age) among children and adolescents in the US. These charts contain 10 smoothed percentiles (between the 3rd and 97th) of BMI (Flegal & Cole, 2013; Kuczmarski et al., 2002) . These percentiles were used to derive three parameters (L, power transformation for normality; M, median; and S, dispersion) (Cole & Green, 1992 ) that allow the BMI of a child to be expressed as a z-score or percentile.
However, the use of these LMS parameters for BMIs above the CDC 97th percentile (z ~ 1.88) constrains the maximum z-score that can be attained at a given sex and age (Centers for Disease Control and Prevention (CDC), 2016; Woo, 2009) . A wide range of very high BMIs can, therefore, map to similar z-scores, depending upon the sex and age of the child (Freedman et al., 2017b) . To overcome these limitations, it has been suggested that very high BMIs be expressed as a percentage of the CDC 95th BMI percentile (%BMIp95) (Flegal et al., 2009 ). Severe obesity is classified as a %BMIp95 ≥ 120 (Kelly et al., 2013) .
Although investigators have emphasised the drawbacks of analysing changes in BMIz (Berkey & Colditz, 2007; Cole et al., 2005; Kakinami et al., 2014; Paluch et al., 2007) , these changes continue to be widely used in longitudinal studies (Lo et al., 2014; McCormick et al., 2014; O'Connor et al., 2017; Smego et al., 2017) and it has been suggested that a BMI zscore reduction of more than 0.20-0.25 SDs may be clinically important (US Preventive Services Task Force, 2017) . The limitations of the CDC BMIz values may be particularly relevant in longitudinal studies of children with very high BMIs, as the age-related changes in the L and S parameters could strongly influence observed changes in BMIz. BMIz changes among these children may not accurately reflect changes in body size and analyses focused on BMIz change could lead to incorrect conclusions.
The objective of the current study is to examine longitudinal changes in BMIz, %BMIp95 and a modified z-score that eliminates the compression of very high BMIs among 45 414 2-4-year-olds with severe obesity.
Subjects and methods
As previously described (Freedman et al., 2016 (Freedman et al., , 2017b , the CDC's Paediatric and Nutrition Surveillance Study (PedNSS) was a state-based public health surveillance system that monitored the nutritional status from birth to age 5 years of primarily low-income children. All procedures followed were in accordance with the ethical standards of CDC and approval was obtained from the relevant committee on human subjects.
Data collection and statistical analyses
Weight was recorded to the nearest 1/4 pound and height to the nearest 1/8 inch with a measuring board (Mei et al., 1998) . There were 14.4 million records from children who were between 24.0-59.9 months of age from 2008-2011. Based on the state, assigned ID and birthdate, we identified children who were examined multiple times.
The initial data cleaning excluded (1) 623 000 (4%) records that were missing information on weight or height (or had a value of 0), (2) 70 000 children for whom the date of birth or sex differed across examinations for the same ID and (3) 151 000 records that had a weight, height or BMI considered to be implausible based on levels of modified z-scores for weight, height, and BMI (Centers for Disease Control and Prevention (CDC), 2016).
These exclusions resulted in a dataset containing 13.5 million records from 8.7 million children. Of these children, 3.6 million were examined more than once and we focus on the first two examinations for the 3 570 241 children whose examinations occurred at least 3 months apart. We further excluded 51 114 children (1.4%) whose weight and height did not change between examinations, possibly indicating a data error.
There were also several children who appeared to have unreasonable changes in weight, height or BMI. For example, 0.1% of the children had annualised decreases of more than 3.8 kg for weight, more than 10 cm for height, and more than 10 kg/m 2 for BMI. We therefore excluded children who were in the upper or lower 0.1% of the distribution of these characteristics. These exclusions resulted in a sample of 3 498 745 children, Of these children, 45 814 had a BMI ≥120% of the 95th percentile at their first examination and form the sample for the analyses. The mean interval between examinations was 11 (SD = 5) months.
BMI metrics
Body mass index (BMI) was calculated as kg/m 2 . BMIz was calculated by expressing a child's BMI relative to children of the same sex and age in the CDC growth charts (Kuczmarski et al., 2002) using the L (transformation for normality) M (median) S (dispersion) method (Cole, 1990; Cole et al., 1998): Because L is less than −1 at all ages (the minimum is −3.4) (CDC; National Center for Health Statistics, n.d.), when BMI is large relative to M (median), (BMI ÷ M) L approaches 0 and the maximum possible BMIz is -1 ÷ (L × S). For example, the value of (BMI ÷ M) L for a 4-year-old girl with a BMI of 30 would be ~0.1, resulting in a BMIz of 3.4 SDs; the maximum possible BMIz for that sex/age, irrespective of the actual BMI, is 3.8 SDs. Between 24-59 months of age, the maximum possible BMIz in the CDC growth charts decreases from 11.9 to 3.5 SDs among girls, while the pattern among boys is concave, with the peak (~10 SDs) at about 39 months of age (Freedman et al., 2017b) .
Obesity is defined as a BMI greater than or equal to the sex-and age-specific 95th percentile (BMIz ≥ 1.645) of the CDC growth charts (Kuczmarski et al., 2002; Ogden & Flegal 2010) and severe obesity as a BMI ≥ 120% of the 95th percentile (Kelly et al., 2013) . We refer to a BMI that is expressed as a percentage of the 95th percentile as %BMIp95. For example, the CDC 95th percentile for a 3-year-old boy is 19.3 kg/m 2 and a boy with a BMI of 21.3 kg/m 2 would have a %BMIp95 of 110% (100 × 21.3/19.3).
Although the L parameter in the CDC growth charts varies between −1.0 and −3.4, setting L equal to 0 removes the compression of very high BMIs into a narrow, bounded range of zscores. Based on the Box-Cox transformation (Box & Cox, 1964) , the equation for BMIz when L = 0 is:
This modified z-score expresses a child's BMI relative to the median BMI and adjusts the log of this ratio for the dispersion (S) of the BMI distribution. It should be noted that this metric is unrelated to the method (Centers for Disease Control and Prevention (CDC), n.d.) that has been proposed to identify outliers in the CDC growth charts.
Statistical analyses
Analyses were performed in R (R Core Team, 2017). We examine the cross-classification of BMIz and %BMIp95 between the two examinations and the changes by sex and both age and BMIz. These changes are displayed using violin plots (Hintze & Nelson, 1998 ), a technique that shows the entire distribution of the data rather than only selected percentiles, as do boxplots.
The intra-class correlation coefficient (ICC) (Shrout & Fleiss, 1979; Wolak, 2017) was used to assess the strength of the association across the two examinations. In contrast to the typical Pearson correlation coefficient, the ICC assesses the within-person similarity of the characteristic across examinations and its magnitude would be reduced if the mean levels differ between examinations. Standard errors of differences between the ICCs were obtained by bootstrapping (Canty & Ripley, 2017) We also used time series plots to display changes in levels of the BMI metrics among the 100 girls who had an initial BMIz ≥ 4.75; these line plots connect the initial and final values of BMIz (y-axis) for each child. Table 1 shows levels of various characteristics at the first examination for the 45 414 children who had severe obesity at their first examination. Among these children, mean levels of BMIz were 3.9 SD (boys) and 3.4 SD (girls), and were 128-129 for %BMIp95. These children with severe obesity also had very high levels of weight-for-age and moderately elevated levels of height-for-age. The bottom of Table 1 shows the mean changes between examinations which occurred, on average, 11 months apart. Mean levels of all BMI metrics decreased with age, but, relative to the initial level, the mean changes in %BMIp95 and modified BMIz were very small. In contrast, the mean BMIz level among girls decreased by 0.5 SDs (~15% of the initial level). Table 2 shows the cross-classification of BMIz (left) and %BMIp95 (right) levels at the two examinations. If BMIz levels were stable over time, most children would fall along the main diagonal, and roughly similar numbers would have lower or higher levels at re-examination. In contrast, most children had a substantially lower BMIz value upon re-examination and this was particularly evident among girls. Among the 8745 girls who had an initial BMIz of 3.5-4.4 SDs, for example, 73% had a BMIz of less than 3.5, while only 0.1% (n = 9) had a higher BMIz. As assessed by the intra-class correlation coefficient, the association between BMIz levels at the two examinations among girls was very weak (ICC = 0.14, 95% CI = 0.13-0.15).
Results
Substantially different results were seen for %BMIp95 (Table 2, right). For this analysis, cut points of %BMIp95 were selected so the sample size of each group at the initial examination would equal those for the BMIz categories. About 50% of girls with an initial %BMIp95 ≥ 155 (vs 3% of girls in the highest BMIz category) remained in this category at reexamination (bottom row). The results for modified BMIz (not shown) were very similar to those for %BMIp95, with 50% of the girls in the highest initial category (≥7.5 SDs) remaining in this category at re-examination. As assessed by bootstrapping, the ICCs for %BMIp95 (0.46) and modified BMIz (0.48) at the two examinations were significantly (p <0.0001) higher than the ICC for BMIz (0.14) among girls.
Figure 1 shows violin plots, categorised by sex and age, for the changes in BMIz (top) and %BMIp95 (bottom) between examinations. Among 2-year-olds, the median BMIz among girls decreased by −0.6 to −1.0 SDs in the three categories of BMIz, while comparable changes among boys were much smaller (range = −0.2 to +0.3 SDs). The sex difference in BMIz changes was particularly striking for 331 2-year-olds who had an initial BMIz ≥ 4.5 SDs; 99% (328) of these girls showed a decrease (mean = −1.0 SD) in BMIz between examinations. In contrast to BMIz, mean changes in %BMIp95 (bottom) showed little difference between boys and girls. The mean change in modified BMIz among 2-year-old girls with a BMIz ≥ 4.5 was +0.01 SDs (not shown).
Figure 2 shows line plots for the 100 girls who had the highest initial value of BMIz (≥4.75), with each line connecting the initial and final value of the BMI metrics; age is on the x-axis.
As seen in the left panel, the BMIz level of all girls decreased (mean = −1.1 SDs) between examinations. Although most of these girls also showed a decrease in %BMIp95 between examinations, 35 showed an increase in %BMIp95 and 55 showed an increase in modified BMIz. Among these 100 girls, the median BMI decreased by 1.7 kg/m 2 , but the range of BMI changes varied from −6.3 kg/m 2 to +2.6 kg/m 2 .
Nine of these girls had a BMIz decrease by more than 1 SD, but a %BMIp95 increase of 10 or more percentage points. One girl, for example, had a BMIz decrease from 4.9 to 3.4 SDs between 26 and 55 months of age, but increases in BMI (from 28.0 to 30.6 kg/m 2 ), %BMIp95 (from 148 to 169) and modified BMIz (from 6.5 to 8.6 SDs). Even if this girl's BMI had increased to 100 kg/m 2 , her BMIz would have decreased, because the maximum attainable BMIz in the CDC growth charts for a 55-month-old girl is 3.7 SDs.
Discussion
Although the report for the CDC growth charts (Kuczmarski et al., 2002) cautioned about extrapolating outside the 3rd and 97th percentiles of BMI, BMIz remains widely used in studies that include large numbers of children with very high BMIs (Hampl et al., 2016; Kreier et al., 2013; McCormick et al., 2014; Smego et al., 2017; Wang et al., 2015) . We have shown that, among children with severe obesity, BMIz levels are only weakly associated with other measures of body size (Freedman et al., 2017a) and the current results highlight the drawbacks of attempting to assess longitudinal BMIz changes. Because z-scores in the CDC growth charts for very high BMIs are strongly influenced by the sex-and age-specific values of the L and S parameters, an analysis of BMIz changes among children with severe obesity can lead to paradoxical results. For example, some children in the current study had substantial (≥1 SD) decreases in BMIz, but large increases in BMI, %BMIp95 and modified BMIz. This is the result of differences in the L and S parameters at the initial and final examinations. We have found that the longitudinal tracking of BMI levels among 247 school-aged children with severe obesity is stronger for %BMIp95 than for BMIz (r = 0.61 vs 0.46) (Freedman & Berenson, 2017) .
We found, for example, particularly large decreases in the BMIz levels of girls who had very high BMIs at their initial examinations. This was the result of the maximum attainable BMIz among girls decreasing from 11.9 SDs (24 months) to 3.6 SDs (59 months), compressing very high BMIs into a lower range of z-scores at older ages. Although these decreases were most evident among girls with the very highest BMIz values, this compression affects a much larger group of children. For example, of the girls with severe obesity in the current study, only 13% showed an increase in BMIz between examinations, whereas 49% showed an increase in %BMIp95 and 38% showed an increase in modified BMIz.
The compression of very high BMI values into a narrow range of z-scores that differ by sex and age could be particularly problematic in intervention studies. Although the current study focused on 2-4-year-olds, a period in which the L parameter change markedly with age, the maximum attainable BMIz varies by sex and across all ages (Freedman et al., 2017a) . Because of these differences in L and S by age, an ineffective intervention could result in a substantial decrease in BMIz or an effective treatment could result in no change depending on the sex and age. To alleviate the effects of the compression of BMIz, we used %BMIp95 and modified BMIz in the current study. The latter metric, which was based on setting the L parameter equal to 0, also accounts for differences in the dispersion of BMI values between boys and girls and across ages. We found similar results for both %BMIp95 and modified BMIz. It should be noted that other powers of L, such as 0.5, could also be used in the construction of modified z-scores.
It has been suggested that a BMI z-score reduction of more than 0.20-0.25 may be clinically important (US Preventive Services Task Force, 2017) and at least one intervention study has used a z-score decrease of ≥0.2 SD to classify a successful intervention (Markert et al., 2014) . However, this criterion, particularly among very obese children, is problematic, because the interpretation of a 0.2 SD depends upon the initial BMIz value. Among 2-yearold girls in the current study, for example, 87% of those with an initial %BMIp95 ≥ 130 showed a BMIz decrease of more than 0.2 SDs in the absence of any intervention. Among older children, in contrast, even large changes in BMI can be associated with virtually no change in BMIz. Based on the LMS parameters in the CDC growth charts, for example, the BMIz of a 94-month-old boy whose BMI decreased from 38 to 32 kg/m 2 over 1 year would decrease by only 0.16 SDs.
Many of the limitations of BMIz have been noted by others (Berkey & Colditz, 2007; Cole et al., 2005; Flegal et al., 2009; Paluch et al., 2007; Woo, 2009) . Although the compression of very high values of BMIz occur with all growth charts, the effects are particularly large in the CDC growth charts, because BMIs in the CDC reference population were more skewed and required larger, negative power transformations (L) (Woo, 2009 ) than in other growth charts. For example, the values of the L parameter in the WHO charts for both pre-school children (WHO Multicentre Growth Reference Study Group, 2006) and 5-19-year-olds (World Health Organization, n.d.) are also substantially closer to 0 than in the CDC growth charts. Because the WHO charts also estimate z-scores for values that are more than 3 SDs from the median by extrapolating the distance between 2-3 SDs, these growth standards do not show compression of very high BMIs.
Several limitations of our analyses should be considered. The PedNSS dataset is large, but the data were not collected for research purposes and there were many errors in the data. In addition to excluding a large number of records that were missing information on weight or height, we excluded children who had information for date of birth or sex that differed across examinations or who had a weight, height or BMI considered to be biologically implausible (Centers for Disease Control and Prevention (CDC), 2016; Freedman et al., 2016) . We also excluded children from the analyses if their change in weight, height or BMI was in the upper or lower 0.1% of the distribution. Although it is likely that we did not exclude all errors and that some valid values were mistakenly excluded, any errors would be expected to have influenced changes in all BMI metrics. Finally, it should be realised that the longitudinal changes we observed in levels of BMIz, %BMIp95 and modified BMIz were based on cross-sectional growth charts and there are several problems with this approach (Cole, 1994; Zemel, 2009) . For example, regression to the mean would result in subsequent values being closer to the median than is the initial level. Longitudinal velocity growth charts have been constructed to assess changes over time, but these have focused on weight and length among infants (Cole, 1995 Extrapolated z-scores based on the CDC growth charts are widely used among children who have very high BMIs (Baughcum et al., 2015; Hampl et al., 2016; Kreier et al., 2013; Smego et al., 2017; Wang et al., 2015) . However, BMIz values for extremely high BMIs can differ substantially from the empirical estimates (Flegal et al., 2009 ), have an effective upper limit (Woo, 2009) and are strongly influenced by sex and age. Our results indicate that the analyses of BMIz may be particularly problematic in longitudinal analyses of children with severe obesity. Among these children, changes in BMIz can simply reflect changes in various parameters of the CDC growth charts rather than changes in body size. In longitudinal studies of children who have very high BMIs, investigators should consider using another BMI metric, such as %BMIp95 or modified BMIz (log(BMI/M) ÷ S), rather than BMIz. Change in BMIz (top) and %BMIp95 (bottom) between the two examinations among children who were severely obese at their initial examination. Results are stratified by sex and initial year of age. The violin plots represent the density distribution of the observed changes within each BMIz group and the horizontal lines represent the 10th, 50th and 90th percentiles. Table 2 Cross-classification of BMIz levels at the first and second examinations among children who were severely obese (n =45 414) at their initial examination The sex-specific cut points for %BMIp95 at the first examination were chosen to make the number of children in each group equal to that in each BMIz group. Cut-points for %BMIp95 at the second examination correspond to those at the first examination: <122, 122-138 and ≥139 for boys, and <130, 130-154 and ≥155 for girls.
b
Values represent the percentage of children in each initial category who are in the specified category at the second examination.
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